New coating methods were proposed to improve the adherence strength between diamond grains and electrolytic nickel bonds on electroplating diamond tools. Diamond grains covered by nested carbon nanotubes (CNTs) were constructed using self-assembly techniques. The grains were first amino-functionalized by silane coupling or photochemical UV treatment. Acid-treated CNTs adsorbed automatically onto amino-terminated grains in N,N-dimethylformamide (DMF) solution by amino-CNT interactions. Subsequent drying and readsorption deposited CNT coatings onto the grains by CNT-CNT interactions due to van der Waals forces. Scanning electron microscope observations indicated that the thickness of CNT coatings on photochemical UV-treated grains was more uniform than that of coatings on grains treated by silane coupling. The adherence strength between the grain and electrolytic nickel bonds was evaluated by shear tests. The adherence strength of the CNT-coated grains was 200-250% of that of the uncoated grains. The photochemical UV treatment was more effective than silane coupling for improving adherence strength. It was surmised that this was due to the uniform thickness of the CNT coatings and the absence of high molecular weight layers contained in the silane coupling agents between CNTs and diamond grains.
Introduction
In recent years, the microfabrication of hard and brittle materials such as fused silica has received considerable attention from the standpoint of applications to biochips and optical components. Micro-electroplated diamond tools, which usually have a single layer of diamond grains embedded by electrolytic nickel bonds, are attractive tools for microfabrication because the tool diameter can be easily scaled down to under 100 µm. However, for these tools to be useful, it is necessary to overcome their disadvantage of short tool life. To achieve long tool life, it is critical to improve the following properties of Ni bonds: wear resistance to chips, friction coefficient, stiffness, and adherence strength between diamond grains and bonds.
Several investigations have been conducted on improvements of the mechanical and chemical properties of Ni electroplatings by alloying and the use of composites. Carbon nanotubes (CNTs) are increasingly attracting scientific and technological interest as reinforcements because of their unique chemical and physical properties for producing composites of metallic and nonmetallic constituents. Some recent studies have investigated Ni-based CNT-composite coating methods using electroless codeposition (1) or electrocodeposition (2) , and have reported that friction and wear properties are improved by codepositing CNTs in the matrix. These properties of Ni-based CNT-composite coating could improve the tool life of electroplating diamond tools. However, currently there are no studies that have practically applied this knowledge in the published literature. We have investigated improvement in the tool life of electroplating diamond tools by electrolytic Ni-based CNT-composite bonds (3) . The Vickers hardness of the Ni-based coatings was improved by codepositing CNTs in the matrix, and the tool life of CNT-composite tools was almost eight times as large as that of normal tools. The long tool life of CNT-composite tools was attributed to the improvement of the mechanical properties of Ni bonds and the adherence strength between diamond grains and Ni bonds. The improvement of mechanical properties, especially of hardness, is due to the reduction in Ni grain size caused by incorporating CNTs. The improvement of adherence strength could be due to interaction between CNTs and the surface of diamonds (4) .
These results showed poor reproducibility, however, presumably due to local variations around the diamond grains in the coatings, particularly in terms of CNT concentrations. We assume that CNT concentrations are related to the adherence strength between the diamond grains and Ni bonds. However, it is difficult for conventional composite electroplating, in which CNTs from a CNT-dispersed electroplating bath are codeposited onto the substrates, to control the CNT concentration around the grains. It is therefore necessary to develop new composite electroplating methods for this purpose.
The objective of the present investigation is to develop a CNT coating method and CNT-coated diamond grains to improve CNT concentrations around the diamond grains, and furthermore, to improve the adherence strength between the diamond grains and the Ni bonds. Diamond grains covered by nested CNTs were constructed using self-assembly techniques (5) (6) . First, single crystalline diamond grains were amino-functionalized by silane coupling or photochemical UV treatments (7) , after which the grains were covered by CNTs using amino-CNT and CNT-CNT interactions. The amine functionalization of the diamond surface was estimated by x-ray photoelectron spectroscopy (XPS). The surface morphology of CNT-coated diamond grains were observed by scanning electron microscopy (SEM). The adherence strength of the CNT-coated diamond grains, which were bonded to steel substrates via the Ni matrix deposited by electroplating, was evaluated by a shear test. The effects of the two amino-functionalization treatments above on adherence strength were compared through these evaluations.
Experimental Procedure

CNT coating method using self-assembly techniques
The CNT coating methods are illustrated in Fig. 1 . Single crystalline diamond grains, which were well-defined crystals approximately 100 µm in average diameter, were modified for chemically functionalizing the grain surfaces to terminate amines using silane coupling or photchemical UV treatments. In the case of silane coupling treatments, the diamond grains were immersed in a 2% solution of 3-(aminopropyl)triethoxysilane (Acros organic, 99%) in 95% ethanol for 30 min and rinsed in ethanol. The grains were then polymerized by heating at 110 °C for 10 min. In the case of photochemical UV treatments, the amination of diamond grains was carried out in a quartz tube with an inner diameter of 20 mm. First, nitrogen gas was introduced before UV irradiation to remove oxygen and other activated gases from the quartz tube. Subsequently, 50 ccm of pure ammonia gas was introduced and the tube was irradiated with UV light (185 and 254 nm, 32 W) for 2.5 h at 101.3 kPa. The tube temperature was slightly increased from room temperature during the process of UV irradiation. Amination of the diamond surface was comfirmed by XPS (ESCA-5600ci, ULVAC-PHI).
The multi-walled CNTs used in this study (Nanocyl-7000, Nanocyl), which were 9.5 nm in average diameter and 1.5 µm in average length, were produced via the catalytic vapor deposition process. The CNTs were purified and modified to terminate carboxylic acids on the surface by an acid.
The amine-terminated diamond grains were immersed in a dispersion containing 1.25 g/L of the carboxylic acid-terminated CNTs in N,N-dimethylformamide (DMF) solution. After removal from the CNT/DMF dispersion, the diamond grains were immediately rinsed in ethanol and heated at 110 °C for 10 min to dry in air. This process, which included immersing, rinsing, and drying, was repeated 5 times. In this process, CNTs first adsorb onto the diamond grains by forming amide bonds between the carboxylic acid (-COOH)-terminated CNTs and the amine (-NH 2 )-terminated diamond grains. Subsequently, the CNTs aggregate into CNT layers on the grains by CNT-CNT interactions due to van der Waals forces. The treated diamond grains were observed by SEM (JSM-890S, JEOL).
Evaluation of adherence strength
Non-treated and CNT-coated diamond grains, which were approximately 100 µm in diameter, were bonded on steel substrates by Ni electroplating. The Ni coatings were electroplated using a nickel sulfamate plating bath under galvanostatic conditions, at a current density of 5 A/dm 2 
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The adherence strength between the diamond grains and Ni bonds was evaluated by the maximum shear strength measured by a bond tester (Series-4000, Dage). The methods of measuring the shear strength are illustrated in Fig. 2 . A shear tool, which was made of WC-Co with a test width of 100 µm, was located 10 µm vertically from the coating surface and moved horizontally in the shear direction shown in Fig. 2 . The tool speed was 100 µm/s. The tool was made to approach and strike the exposed parts of the grains, which were embedded in the coatings. When the grains were dug up by the thrust induced by the shear tool, the maximum shear strength reflecting the adherence strength of the grains was measured by a load cell. The load cell was attached to the bottom of the shear tool and could provide a maximum force of 20 N.
Results and Discussion
Figure 3(a), (b) and (c) show the XPS survey spectra of the diamond grains before and after treatment by silane coupling agents and UV irradiation, respectively. The sample afrer silane coupling treatment (Fig. 3(b) ) shows a new nitrogen 1s peak, silicon 2p peak, silicon 2s peak, and oxygen 2s peak. The oxygen 1s peak height increased as a result of the treatment. These peaks indicate the components of the silane coupling agents. The sample Fig. 4 (a) C1s XPS spectra of silane coupling-treated diamond grains.
The resulting fit is superimposed on the data. after the photoreaction (Fig. 3(c) ) shows a new nitrogen 1s peak. Additionally, binding energies of 531.2 eV for oxygen 1s were also observed because the surface of untreated diamond grains have carbonyl groups such as carboxylic acid and cyclic ketone. Figure 4 (a) shows that the XPS spectra of the C1s peak decomposed into three different carbon species that occured in different binging states. The peak at 284.3 eV is assigned to graphite (sp2), whereas the peaks at 285.3 and 286.5 are ascribed to diamond (sp3) and C-NH 2 , respectively . Figure 4(b) shows that the XPS spectra of the N1s peak decomposed into two different nitrogen species that occured in different binging states. The peak at 399.5 eV is assigned to the terminal -NH 2 amino groups, whereas that at 400.8 may be ascribed to the protonated aliphatic amino groups.
As shown in Fig. 5(a) , the C1s XPS spectra consist of four components centered at the binding energies of 284.3, 285.3, 286.5, and 288.0 eV, corresponding to graphite (sp2), diamond (sp3), C-NH 2 , and C=O groups, respectively. Figure 5(b) shows that a strong peak in the N1s region appeared at 399.5 eV, corresponding to the amino group (-NH 2 ). The results (Figs. 3 to 5) indicate that the diamond grains were partially amino-functionalized by silane coupling or UV irradiation. Zhang et al. (6) reported a novel method of one-step amination, in which a hydrogen-terminated diamond surface was aminated by UV irradiation in an ammonia gas environment to produce an amine group directly. In our case, the surface of the diamond grains was O-terminated. Nevertheless, the same result of one-step amination was obtained through photochemical UV treatments.
Figures 6(a) and 7(a) present the SEM images of a diamond grain amino-functionalized by silane coupling agents and UV irradiation, respectively, and then coated with CNTs using the self-assembly techniques of immersing, rinsing, and drying. Figures 6(b) and 7(b) present the SEM images of the CNT coatings on the center of the tope surface of the diamond grains shown in Figures 6(a) and 7(a) , respectively. It can be seen from Figures 6(b) and 7(b) that both diamond grains were covered with nested CNTs fabricated by self-assembly techniques. Additionally, CNTs were unable to adsorb onto untreated diamond through the same process. These results indicate that the carboxylic acid-terminated CNTs first adsorb onto the amine-terminated diamond grain, and then aggregate to form CNT layers on the grain because of CNT-CNT interactions caused by van der Waals forces. Figures 6(a) and 7(a) show that both diamond grains were almost completely covered with CNTs, although Fig. 6(a) shows that there were some nodule deposits and some peeled CNT layers. There were also partial differences in the thickness of the CNT layers on the diamond grain treated by silane coupling agents. It was thought that these differences were due to differences in the partial amine concentrations on the diamond grains. On the other hand, Fig. 7(a) shows that the CNT coatings on amine-terminated diamond grains treated by UV irradiation had smooth and uniform profiles as well as a homogeneous structure, compared to the coatings on amino-functionalized diamond grains treated by silane coupling agents.
The untreated diamond grain and the two kinds of CNT-coated diamond grains were bonded to steel substrates by electroplating using a nickel sulfamate plating bath. Subsequently, the adherence strength between the diamond grain and nickel bonds was measured 30 times with the help of a bond tester. Figure 8 shows the adherence strength of the diamond grains. The mean adherence strength of the CNT-coated diamond grains was almost twice as large as that of an untreated diamond grain. These results indicate that the adherence strength was effectively improved by a CNT coating around the diamond grain. UV treatments were slightly more effective than silane coupling treatments in improving the adherence strength. This result might be due to the following two reasons: (1) the smooth and uniform profiles as well as the homogeneous structure of the CNT coatings on amine-terminated diamond grains treated by UV irradiation, and (2) the absence of high molecular weight layers contained in the silane-coupling agents between the CNTs and diamond grains. In the case of silane coupling treatments, CNTs adhered to the diamond surface through high molecular weight polymers of silane coupling agents. On the other hand, in the case of direct amination of the diamond grains by photochemical UV treatments, CNTs directly adhered to the amino-terminated diamond surface rather than through high molecular weight polymers. Figure 9 (a) and 9(b) shows the SEM cross-sectional images of the interface between a CNT-coated diamond grain and a nickel bond and the interface between a non-coated diamond grain and a nickel bond, respectively. The cross section was generated by a focused ion beam. The area in bright white (upper cross section) is the nickel bond and the dark gray area (lower cross section) is the diamond grain. It is difficult to distinguish between diamond and CNTs by the contrast because the carbon elements are identical. In the absence of CNT coatings on the diamond grains, we see the sharp edge of the diamond at the interface in Fig. 9(b) . However, the edge of the dark gray area is blurred in Fig. 9(a) . This indicates that a CNT coating exists between the nickel bond and the diamond. CNTs also exist in spots in the upper part of the CNT coating. This indicates that the nickel bond invaded areas between the nested CNTs by electroplating. The strong adherence strength of CNT-coated diamond grains to nickel bonds can be adequately explained in terms of 
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